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ABSTRACT
Accurate prediction of regional lymph node metastases (LNM) in endoscopically resected pT1 colorectal cancer (CRC) is crucial in treatment stratification for subsequent radical surgery. Several miRNAs have been linked to CRC invasion and metastasis, including the oncogenic miR-17/92 cluster, and expression levels might have predictive value in the risk assessment of early metastatic progression in CRC. We performed global miRNA microarray using tissue samples from the invasive front of pT1 CRC and investigated associations of the miR-17/92 cluster and presence of LNM. In total, 56 matched pT1 CRCs were thoroughly clinico-pathologically characterized and miRNA microarrays were performed on invasive front tissue samples. Global miRNA intensities were screened using paired ttests between pT1pN+ and pT1pN0. Associations between miR-17/92 and histopathological features were analyzed using general linear models and tumor cell adjusted expression intensities. miR-17-3p and miR-92a were significantly higher expressed in the invasive front of tumors with LNM compared to those without, corresponding to 1.53 fold higher expression of miR-17-3p (95%CI: 1.04-2.24, p=0.030) and 1.28 fold higher expression of miR-92a (95%CI: 1.01-1.68, p=0.042). An inverse association between miR-19a and presence of high grade tumor budding was observed (1.55 fold, 95%CI: 1.13-2.12, p=0.008). We provide evidence for associations between early regional LNM and high expression levels of the miR-17/92 cluster members: miR-17-3p and miR-92a, in the invasive front of CRC. Our results support a role for the miR-17/92 cluster in early metastatic progression of CRC and calls for further investigation.
A C C E P T E D M A N U S C R I P T
INTRODUCTION
Colorectal cancer (CRC) is the third most frequent cancer with 1.3 million annual new cases worldwide, and is a major cause of death and morbidity [1] . Risk of death is highly linked to the presence of lymph node metastases (LNM): A five year relative survival rate of 90.3% in American patients with CRC detected in the early localized stage is reduced to 70.3% in patients with LNM and further reduced to 12.5% in patients with distant metastases [2] . Screening initiatives have increased the proportion of early stage CRCs, resulting in an increased proportion of endoscopically removed early cancers, pT1 CRCs. [3] . For those, reliable and accurate assessment of metastatic risk is crucial for decisions on subsequent radical surgery in order to remove possible local LNM and avoid dissemination of the disease. Patients with regional LNM have stage III disease and will benefit from subsequent radical surgery and adjuvant chemotherapy, while patients with no LNM have stage I disease and are with no indication for further treatment [4] .
Guidelines for assessment of high risk in early CRC is based on histopathological features evaluated by microscopic evaluation of tumor slides, such as differentiation, lympho-vascular or venous invasion and depth of invasion [4] and recently the International Tumor Budding Consensus Conference (ITBCC 2016) recommendations suggested tumor budding as an additional prognostic and/or predictive factor to support treatment stratification of patients with endoscopically removed pT1 CRC [5] . In CRC budding tumor cells are thought to represent the morphological phenotype of cells undergoing epithelial-mesenchymal transition (EMT) [6] , the biological process where epithelial polarized cells convert to assume a mesenchymal phenotype with motile and invasive properties, a crucial step in the malignant process of invasion and metastasis [7] .
Despite histopathological risk assessment only 9-17% of patients with resected pT1 CRC have regional LNM at the time of diagnosis [8, 9] . Since radical colorectal surgery carries a significant morbidity rate and postoperative mortality rate (of 3-6%) [10] it is of major importance to identify patients who will actually benefit from surgery.
MicroRNAs (miRNAs) are a class of small non-coding RNA fragments (18-24 nucleotides in length) epigenetically regulating numerous cellular pathways including pathways involved in cancer initiation, development and progression. In CRC, expression of several specific miRNAs have been correlated to tumor cell invasion and metastasis [11, 12] , prognosis and therapeutic outcome [13] and recently Kwon Jung et al suggested a three-miRNA classifier for predicting LNM based on miRNA expression analyses in three small independent cohorts of pT1 CRC [14] . Additionally profiling studies have uncovered a number of miRNAs implicated in EMT [11, 12] .
Members of the miR-17/92 cluster have been linked to EMT-like phenotypic cellular changes in colorectal cancer mainly through actions on PTEN [15, 16] , and TNFα [17] as well as pro-metastatic remodeling of the extracellular matrix [18] . Additionally, the cluster is described involved in the early tumor development from normal mucosa to adenoma [19] and plays a role in tumor angiogenesis [18, 20] , growth and inhibition of apoptosis [20, 21] .
The miR-17/92 cluster is located on chromosome 13q31.3 and transcriptional activation generates a single polycistronic primary transcript yielding six mature miRNAs: miR-17 (miR-17-3p and miR-17-5p), miR-18a, miR-19a, miR-20a, miR-19b, and miR-92a, involved in both normal-and cancer development through broad effects on various targets [22] . miR-92a has been described as the key oncogenic component of the cluster in CRC [21] and overexpression of miR-92a has been correlated to various clinico-pathological features such
as advanced TNM stage, tumor size, lymphatic invasion, venous invasion, LNM and distant metastases [15, 16, 23, 24] . In a previous study, despite demonstration of substantial intratumor expression heterogeneity, we were able to show differential expression of miR-92a in the invasive front of pT1/pT2 CRC compared to the main tumor body, indicating possible involvement of miR-92a in early CRC progression. However, we were not able to demonstrate significant associations to the presence of regional LNM in that cohort [25] .
To further investigate the miR-17/92 cluster in metastatic progression in early pT1 CRC and to identify other potential miRNAs involved in the metastatic process of CRC, we performed global miRNA microarray profiling on invasive front tumor samples from a thoroughly clinico-pathologically characterized cohort of 28 pT1 CRCs with regional LNM matched with 28 LNM negative pT1 CRCs.
MATERIAL AND METHODS
Flow of inclusion and exclusion
Forty-four patients with resected primary metastasizing pT1 CRC, diagnosed at Herlev-and Gentofte University Hospital in the period 1.1.2009-31.01.2016 were identified in the local pathology registry. Twenty-eight of the 44 patients were included in the study cohort after microscopic reassessment and review of pathology reports. Fifteen patients were excluded due to the following: Age less than 50 years at diagnosis, more advanced tumor stage identified during reassessment, synchronous/metachronous CRCs or other infiltrating cancers and no/insufficient available tumor tissue for molecular analyses. Included metastasizing pT1 CRCs (pN+) were matched 1 to 1, with primary pT1 CRCs with no metastases (pN0) according to the following criteria: Tumor site (right or left colon/rectum), age (maximum tolerance for said match: age +/-10 years), time of diagnosis (maximum tolerance for said match month of surgery +/-12 months) and where possible tumors were also matched by gender. Since inconsistency between clinical reported site and pathological reported site existed for high rectal and low sigmoid CRCs we allowed that low sigmoid colon cancers were matched with high rectal cancers. All matches were reevaluated and criteria for exclusion were the same as mentioned above. Flow chart of inclusion/exclusion is shown in figure 1.
Microscopic assessment of high risk features
All tumors were reassessed by two pathologists using hematoxylin and eosin (HE) stained tumor slides to select the most representative section for immunohistochemical (IHC) staining for high risk features and to select an invasive front area with a tumor cellularity of at least 50% for miRNA expression analysis. The following high risk features: tumor budding, submucosal lymphovascular invasion (SLI) and submucosal venous invasion (SVI) were evaluated by use of IHC. SLI and SVI was assessed by IHC staining of lymphatic vessels endothelium with D2-40 and smooth muscle in vessel walls with H-Caldesmon, respectively, and considered positive when single tumor cells or clusters of tumor cells were surrounded by stain positive cells. Tumor budding was assessed by staining of epithelial cells with pan-cytokeratin AE1/AE3, and defined as single tumor cells or clusters of up to 4 nucleus containing tumor cells [5] . Budding was scored in the invasive front by the 10 high-power-field method (HPF, x40 magnification, 0.238 mm 2 ) and a cut-off for high grade budding was defined as an average of ≥ 10 buds/HPF [26] . Where limited tumor areas were available, only the hotspot count (1 HPF, x40, 0.238 mm 2 ) was registered (3 out of 56 pT1 tumors). 
A C C E P T E D M A N U S C R I P T
Tissue sampling and RNA extraction
From formalin-fixed paraffin-embedded (FFPE) tissue blocks corresponding to the tumor section selected for miRNA analyses, invasive front samples were isolated by use of a 1-2 mm hollow needle. The top ½-1 mm was separated for RNA extraction. Additionally FFPE samples from normal colorectal mucosa and normal stromal tissue from three random CRC patients were sampled.
Total RNA was extracted using the FFPE miRNeasy Kit (Qiagen, Germany) according to manufacturer´s instructions and carried out in batches including both LNM positive and negative tumors. Paraffin was removed using xylene (VWR international, France). Tissue samples were digested using 10µl proteinase K + 150 µl proteinase K digestion buffer (Qiagen) and lysates were treated with 16 µl DNase Booster Buffer and 10 µl DNase I stock solution (Qiagen). Total RNA was bound to the RNeasy MinElute spin column membrane and eluted in 20µl RNase-free water resulting in 18 µl eluate. Total RNA concentrations were measured using a spectrophotometer (Nanodrop 2000, Thermo Scientific, USA) and eluates were immediately stored at -80°C until microarray analyses.
miRNA array analyses
miRNA array analyses were performed by Medical Prognosis Institute A/S, Denmark (MPI) using Affymetrix GeneChip miRNA Array, according to manufacturer's instructions. In short, 400 ng of miRNA was labeled using FlashTag HSR™ Biotin RNA Labeling Kit (Genisphere, PA) and hybridized 17 hours at 48°C to GeneChip® miRNA 2.0 arrays (Affymetrix, CA). The arrays were then washed and stained with Affymetrix Fluidics Station 450 and scanned on an Affymetrix G7 scanner.
Data processing and statistical analyses
Statistical analyses followed a statistical analysis plan, finalized before the study initiation. Initial data analysis was done using the justRMA function in the Bioconductor package (open source software for bioinformatics), based on R (R Development Core Team, Vienna, Austria, http://www.R-project.org). Intensity measures were adjusted for background and normalized by the quantile method with the resulting expression levels on a log scale base 2.
The complete data have been deposited in NCBI's Gene Expression Omnibus and are accessible through GEO Series accession number GSE110402[28].
Verification of the arraydata was made by comparison to published datasets on miRNA expression in independent CRC cohorts and by comparison of miR-92a arraydata to qRT-PCR data performed in doublets on a subset of 30 invasive front samples (15 pT1N0 and 15 pT1 N+ CRCs).
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6 Global miRNA intensity signals were screened using paired t-tests between pT1pN+ and pT1pN0 CRCs and other predefined clinico-pathological groups, and taking account of the matched study design. Threshold for significance was set to p=0.01 and subsequent correction for multiple testing was performed using Bonferroni correction. 
Analyses
Ethics
The Regional Committee on Health Research Ethics for the Capital Region of Denmark approved the study (Jr.no: H-3-2014-027). The study was approved by and followed the guidelines of The Danish Data Protection Agency (HEH-2014-014), and the Danish Registry of Human Tissue Utilization was consulted before any tissue samples were used for investigation.
RESULTS
Baseline characteristics
Matching for age was achieved with a median difference of 3 years (range 0-10 years) and matching for time of diagnosis was achieved with a median difference of 8 months between matched patients (range 0-12 months). Matching for gender was achieved in 25 out of 28 pairs. No significant differences in high risk clinico-pathological features between LNM positive and LNM negative CRCs was observed although a trend was observed for SLI (p=0.099) and tumor budding (p=0.091) (table 1).
miRNA data
Global miRNA analyses
Verification of the expression data was performed by comparing expression intensities with results of other published CRC array expression datasets. Our data showed comparable expression patterns in normal colorectal mucosa as well as comparable fold changes between normal mucosa and CRC tissue (suppl. table 1 and suppl. figure 1) . Further, for verification of the array data we compared expression levels of miR-92a analyzed by qRT-PCR, in doublets, in a subset of 30 samples from the invasive tumor front (15 N0 CRCs and 15N+ CRCs) and although not significant in this subset of samples, we detected a fold change between N+ CRCs and N0 CRCs of 1.23 (95% CI: 0.81-1.86, p=0.31), comparable to the 1.28 fold changes detected by miRNA microarray, as described in section 3.2.2 Initial analysis of global miRNA expression with the threshold for significance set to p= 0.01 showed differential expression of 13 miRNAs in the invasive tumor front of pT1 CRCs with regional LNM when compared to those without (suppl. table 2), however no significant alterations was detected when adjusting for multiple testing. Likewise, we found no significant association between miRNA expression and the presence of other high risk features (SLI, SVI and tumor budding).
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Analyses of the miR-17/92-cluster
Following the global analysis, we proceeded to investigate the miR-17/92 cluster. miR-92a, miR-17-5p and miR-20a were among the 30 highest expressed miRNAs in the global array analysis. Of the miR-17/92 members miR-19a had the lowest expression (table 2) . All miR-17/92 members except miR-19a showed higher mean expression in CRC tissue compared to normal mucosa, but significant up-regulation were only demonstrated for miR-92a, miR-17-5p and miR-18a (table 2) . Expression data showed no significant differences between mean expression levels of the miR-17/92 cluster members in CRC from the right colon, left colon or rectum; neither did we find expression differences between sites when analyzing pN+ and pN0 samples separately.
In the tumor tissue, miR-17-3p and miR-92a showed significantly higher expression in the invasive front of tumors with regional LNM compared to tumors without LNM, corresponding to a 1.53 fold higher expression of miR-17-3p 
DISCUSSION
Accurate prediction of regional LNM in endoscopically resected pT1 CRCs is crucial for relevant treatment stratification and herein the identification of patients who will benefit from subsequent surgery.
In the present study we provide evidence for an association between increased tissue expression levels of miR-92a and miR-17-3p and regional LNM in pT1 CRC (table 3) , supporting a role for the miRNAs in early metastatic progression of CRC. We have specifically investigated differential expression levels of the miR-17/92 cluster in the invasive tumor front of CRC, an area of particular interest when investigating cancer metastasis. Our results support results of previous studies linking miR-17/92 expression to the EMT-process through repression of the PTEN-mediated PI3K/AKT pathway and thereby initiations of EMT like changes of the epithelial tumor cells [15, 16, 29] .
Despite the high relevance of investigating potential pro-metastatic features in the invasive front of the tumor, such investigations are also challenged by the interplay and varying compositions of neoplastic and non-neoplastic cells in the invasive front micro environment. Manual microdissection of specific invasive front areas enabled estimation of miRNA expression levels of epithelial tumor cells and its local micro environment as a whole, and to minimize bias from varying tumor cell proportion, we adjusted expression intensities for the sample tumor cellularity. However, some impact from miRNA deregulations in the tumor associated stroma cannot be excluded. Nishida et al. demonstrated significant up-regulation of miR-17/92 cluster members in CRC associated stroma and, in line with our findings, showed an association between expression levels of miR-92a in tumor stroma and the presence of distant metastases. However, an
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8 association to regional LNM was not demonstrated [24] . By semi-quantitative evaluation of miR-92a using miRNA in situ hybridization Tsuchida et al. found significant correlations between high tumor cell miR-92a expression and presence of LNM in colon cancer [21] . Likewise Ke et al. and Zhou et al. demonstrated associations between miR-92a and LNM in CRC tissue from primarily more advanced pT-category tumors [16, 23] .
From a clinical perspective, assessment of risk of regional LNM, based on miRNA analyses of invasive front tumor tissue, might be challenged by the invasive front not always being easily assessable in lesions that are incompletely endoscopically resected or resected by piecemeal polypectomy. Ke et al. and Zhou et al. were able to demonstrate an association between regional LNM and miR-92a expression in CRC tissue, without specific sampling of the invasive front [16, 23] , thus indicating that pro-metastatic effects of miR-92a is detectable in CRC tumor tissue even without specific sampling. However, such patients with uncertainty about the radicality of the endoscopic resection will probably be offered surgical hemicolectomy including regional lymph nodes subsequent to the endoscopic resection, regardless of the results of risk-assessment for regional LNM.
Like for miR-92a, we found miR-17-3p levels significantly increased in samples from early metastatic tumors. The corresponding strand (miR-17-5p) was similarly increased but the association was not significant at the 0.05 level. In concordance with our findings Ma et al. showed shorter overall survival for patients whose tumors had high expression of miR-17-5p and increased migratory and invasive properties of CRC cells overexpressing miR-17-5p through activation of the Wnt/β-catenin pathway [30] . However, in cell and mouse studies Jiang et al. found that the effect of overexpression of the miR-17/92 cluster on EMT was dependent on the degree of overexpression, since medium levels promoted tumor metastasis through repression of PTEN and activation of the PI3K/AKT pathway, whereas higher levels resulted in inhibition of tumor growth and metastasis through inhibition of the Wnt/β-cathenin pathway [31] . Thus, such potential concentration dependent competing cellular effects are a challenge for defining clinical risk estimates based on concentration differences. Interestingly, despite associations between miR-17/92 members and the presence of LNM we also observed a reciprocal association of miR-19a and tumor budding. Previous studies show that miR-19a acts as an oncomir [32, 33] and the oncogenic function has been linked to its promotion of tumor angiogenesis [18] and anti-apoptotic/growth-promoting functions [32] . Additionally, suggestions for a role of miR-19a in EMT, migration and metastatic progression of CRC have been proposed [17] . Our findings support a role of miR-19a involvement in the EMT process, but interestingly demonstrate an inverse association with decreased expression in CRCs classified with high grade tumor budding, the morphological phenotype of cells undergoing EMT. However, measured expression intensities of miR-19a were low and thus the observed expression fold changes constitute a small difference in actual expression. In a study of pro angiogenesis effects of the miR-17/92 cluster, Dews et al demonstrated that miR-17/92 mediated inhibition of the TGFβ pathway caused stimulation of angiogenesis and tumor cell growth [20] . Since TGFβ plays a dominant role in activating EMT [7] , the attenuated TGFβ signaling could, at least in part, explain the reciprocal association between miR-19a and tumor budding observed in this study.
Our results indicating apparently competing actions of miR-17/92 members in the metastatic process might be a cause of potential concentration-dependent competing actions as demonstrated by Jiang et al [31] or a reflection of interactions on various different targets and thus various oncogenic roles for the miR-17/92cluster members [22] .
With the intention to identify other miRNAs with predictive value for LNM in pT1 CRC we analyzed associations between presence of LNM and the global miRNA data. With the threshold for significance set at p<0.01 we identified 13 miRNAs that were differentially expressed in the invasive front samples of metastatic and non-metastatic tumors (suppl. table 2). However, the fold changes were small and associations were insignificant when adjusting for multiple testing. Previous studies of miRNA heterogeneity demonstrate expression patterns displaying substantial inter-patient and intra-tumor variability including possible functional expression gradients within the tumor [25, 34, 35] . Thus, in a clinical context, the use of miRNA expression levels for differentiating between diagnostic groups and guidance of clinicians in treatment decisions requires extensive demands to sensitivity, specificity and predictive values in order to unambiguously identify the correct treatment for a given patient. Therefore, there is a requirement that miRNA expression differences between groups would be clearly higher than the intratumor and inter-patient variability. In a recent study Kwon Jung et al. identified 66 miRNAs associated to LNM by microarray analyses of 16 pT1 CRCs. Subsequent analyses of 13 selected miRNAs by qRT-PCR in the same cohort and in an independent cohort of 20 patients showed that the selected candidate miRNAs displaying significant differences in one cohort were not significant when investigated in another cohort [14] , thus revealing that the inherent heterogeneity in-and between patients, together with biological/technical variation, can make detection of relevant differences difficult. In our study cohort of 56 pT1 CRCs, only three miRNAs initially identified with differential expression between LNM positive and LNM negative CRCs were overlapping with the 66 miRNAs initially identified by Kwon Jung et al. This discordance might be explained by differences in study design (e.g. different array platforms, sampling strategies and the size of the cohort) but might also be explained by one of the major challenges for miRNA studies as mentioned above: Heterogeneous miRNA expression patterns and differences between tissue compartments and patients.
CONCLUSION
Accurate prediction of regional LNM in endoscopically resected pT1 CRCs is crucial for treatment stratifications and miRNA profiling of CRC tissue might play a future role in the clinical decision making. We provide evidence for an association between presence of regional LNM and increased expression of miR-17-3p and miR-92a, in the invasive front of CRC. Additionally, we find an inverse correlation between miR-19a and high grade tumor budding. Taken together our results support a role for the miR-17/92 cluster in early metastatic progression of CRC and calls for further investigation in other independent cohorts.
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Flow diagram illustrating inclusion and exclusion flow.
n=number of patients; pT1, pN+, pN0 : Pathological tumor and node classification according to the TNM cancer classification of UICC (Union for International Cancer Control), 5.th edition. 
